The development of energy-saving devices to lower the energy efficiency design index (EEDI) of ships has been actively researched worldwide. One such device is an asymmetric pre-swirl stator, which helps to improve the propulsion efficiency by recovering the rotational energy generated during propeller rotation. Determining the pitch angle is the most important factor in the design of an efficient asymmetric pre-swirl stator. To optimize the pitch angle of an asymmetric pre-swirl stator, this study deals with potential-flow, computational fluid dynamics, and model tests. The model delivered power at a design speed of 24 kt was compared by changing the pitch angle by ±2° with respect to the reference angle designed using a potential-flow program. The commercial code Star-CCM+ was used for the numerical analysis, and the model was also tested in a towing tank at Pusan National University. This study proposes an effective method for determining and verifying the optimal pitch angle of an asymmetric pre-swirl stator.
consumption of ships, but also CO2 emissions. Energy-saving devices are defined for use in three zones, namely, Zones I, II, and III, as shown Fig. 1 [2] . Fig. 1 Zones for the classification of energy-saving devices [2] These three zones are: I) pre-devices, which are installed toward the bow of the ship, II) main devices, such as propellers, and III) post-propeller devices installed toward the stern of the ship.
Currently, various energy-saving devices are being actively researched. The contrarotating propeller (CRP), a main device, improves propulsion efficiency through recovering rotational energy by installing two propellers rotating in opposite directions on the drive shaft, one facing the front and the other facing the rear. Boucetta and Imine (2019) [3] have been carried out to determine the hydrodynamic characteristics in cavitating viscous flow of the corotating tandem propellers. This paper focuses on the asymmetric pre-swirl stator, because it currently seems to be the most effective device and has been frequently applied without any major problems. A pre-swirl stator, which is a pre-device, improves the propulsion efficiency by recovering the rotational energy generated during propeller rotation via the stator blades placed in front of the propeller. Thus, the pre-swirl stator imposes a flow velocity component against the tangential velocity lost by the propeller and reduces the energy consumption by approximately 4-5% [4] [5] [6] [7] [8] [9] . Moreover, compared to that of a contra-rotating propeller, the shafting of a pre-swirl stator is less complicated, and it is also easier to install. Therefore, the initial installation costs are not only lower, but the risk of breakdown during operation is also reduced [10] .
A pre-swirl stator was symmetric and has six blades, as shown in Fig. 2 [11] . Blades at the top and bottom positions appear to be missing; this is intended in consideration of the blockage effects against the on-coming flow and potential-flow docking problems, respectively. Kim et al. [12] designed and developed an asymmetric pre-swirl stator with three blades on the starboard side and one blade on the port side, as shown in Fig. 3 .
Fig. 3 Profile of an asymmetric pre-swirl stator
The proposed asymmetric pre-swirl stator has fewer blades on the starboard side, as the rotational flow component is different on each side because of the upward flow. The upward velocity is normally cancelled by the propeller rotational velocity on the starboard side, whereas the velocity on the port side is doubled. This phenomenon is evident in the typical velocity vector profile just behind the propeller, which is measured using a laser Doppler velocimeter (LDV) [13] . An asymmetric pre-swirl stator is advantageous compared with the symmetric 6 blades stator because it can not only increase the efficiency by evenly absorbing the rotational energy throughout but can also significantly reduce the manufacturing cost and the load on the stern by removing unnecessary blades. Kim et al. [10] showed that the application of an asymmetric pre-swirl stator to a 300 K very-large crude oil carrier (VLCC) helped increase the efficiency by approximately 5.6%. Lee et al. [14] applied pre-swirl stators of the constant-pitch-angle type and variable-pitch-angle type to a 160K LNG ship and improved its propulsion efficiency by approximately 6% and 8%, respectively.
With regard to asymmetric pre-swirl stators, if the pitch angle of the stator in nonuniform wake is identical for each stator, the axial components are non-uniform; moreover, the load on each stator varies significantly because the tangential velocities at the port and starboard sides are opposite to each other with respect to the stator. Therefore, attaining maximum efficiency is difficult unless the pitch angle of the stator at each stator position is adjusted appropriately. Lee et al. [4] used the iterative design method with the lifting surface theory considering the mutually induced velocity of the propeller and pre-swirl stator to determine the pitch angle of an asymmetric pre-swirl stator. They used the Preswirl Asymmetric Stator Analysis (PASTA) program to implement the calculation processes. The lifting-surface code which has been originally developed by Greely and Kerwin(1982) [14] (most popularly used code in propeller field) has been modified by including the stator modeling. The interaction between propeller and stator is considered by iterative scheme and in that case the treatment of stator's wake has to be carefully done. Lee et al. [15] and Shin et al. [16] determined the pitch angle of an asymmetric pre-swirl stator using the PASTA program and found that the efficiency increased by 4-5%. However, the optimal pitch angle corresponding to maximum efficiency needs to be verified.
In the present study, the optimal pitch angle of an asymmetric pre-swirl stator was verified through computational fluid dynamics (CFD) and experimental fluid dynamics (EFD) model tests by changing the pitch angle by ±2° with respect to the pitch angle determined using the potential-flow program. 
Design of an asymmetric pre-swirl stator
In the design of the asymmetric pre-swirl stator, a potential-flow-based analysis program was used for the propellers and pre-swirl stators. If the pitch angle of the stator blades is the same for all the blades during non-uniform countercurrents, it is difficult to achieve maximum efficiency without adjusting the pitch angle corresponding to the position of each blade. The stator design has been conducted to have an optimum loading (elliptic loading distribution) for each blade as shown Fig.4 .
Fig. 4
Example of radial circulation distribution on the stator blades is the circulation strength which indirectly measures the load on the blades; it is used to compare the performance efficiency. In order to relatively compare , it was nondimensionalized using the radius of the stator blades ( ) and design speed ( s) as shown in Eq.1.
G = 2
(1)
Then, was expressed for corresponding equiv (equivalent angle of attack) to allow for a more intuitive analysis. According to the Kutta-Joukowski theorem, the lift force of a circulating flow is expressed as Eq.2 and the lift coefficient as Eq.3.
L = ρV
Here, , , , and represent the lift force for the 2D cross section, the lift coefficient, the chord of the cross section, and the inflow velocity, respectively. Conversion of Eq.3 for equivalent incidence angle and substitution of Eq.1 results in the following Eq.4.
The computed circulation of radial loading in each blade is converted by the equivalent angle of attack ( . ) as introduced in Eq.4. 
where G is non-dimensional circulation as given by G = Γ 2πRV s , c is local chord length at each radius, u local inflow velocity, C L lift coefficient and V s : ship velocity at design condition. [10] The blade numbers are assigned based on the representation above, as shown in Fig. 5 . In the present study, the asymmetric pre-swirl stator proposed by Shin et al. [16] was used, as shown in Tables 1 and 2. The equivalent incident angle is verified, as shown in Fig. 6 , using the potential-flow program, as explained above. If the pitch angle (equivalent angle) is designed largely until the stall point th rotational energy of propeller can be recovered, however the drag of stator becomes large accordingly. Therefore, the reference of optimum equivalent angle is important in the design of pitch angle. Kim et al. [12] confirmed that designing the pitch angle such that the maximum equivalent incidence angle is between −13° and −14° is generally most effective in improving the propulsion efficiency when a pre-swirl stator is installed on a low-speed full body ship. However, the drag of stator in case of container ships, which is the subject of this paper, increases significantly when large pitch angles are adopted. Therefore, the maximum angle is designated as −12°, which is slightly lower than the equivalent incidence angle used for lowspeed full body ships [16] . Table 3 shows the pitch angles for each blade, and Fig. 7 shows the final 3D model. In the present study, the model delivered power at a design speed of 24 kts is compared by changing the pitch angle of the stator by ±2° with respect to the pitch angle determined using the potential-flow program, as shown in Table 3 . The pitch angle variations of ±2° are defined, as shown in Fig. 8 . Table 4 shows each case according to the variation in the pitch angle. 
Materials and Methods

Target ship
The target ship used in the present study is a 3,600 TEU KRISO container ship (KCS), as shown in Fig. 9 . The model ship was manufactured at a scale ratio of 39.5, considering the size of the towing tank at Pusan National University (PNU). The design speed of the model ship is 1.964 m/s. Table 5 shows the dimensions in detail. 
Computational setup
The commercial program STAR-CCM+ was used for the computations in this study. With the asymmetric pre-swirl stator attached to the target ship, a self-propulsion analysis was carried out at a design speed of 24 kts for each case, as shown Table 4 .
Governing equations
The RANS equations were used for this study, considering unsteady, incompressible, and viscous flows, which can be expressed as follows. 
where , p, t, ρ, μ, and −́́ correspond to the speed, pressure, time, density, dynamic viscosity coefficient, and Reynolds stress tensor, respectively.
Numerical method
To resolve the coupling of the velocity and pressure, the semi-implicit method for pressure-linked equations consistent (SIMPLE) algorithm was used, and the realizable k-ε model was chosen as the turbulence model. This improved the performance for the boundary layer separation flow with an adverse pressure gradient. In addition, a sliding interface moving mesh for direct rotation was used to rotate the propeller during the numerical analysis of the self-propulsion. Table 6 shows the details of the analysis conditions. The analysis method proposed by Choi et al. [17] was used for the performance comparison. The analysis results corresponding to both the propeller rotation speeds were used to determine the model total resistance ( ), thrust ( ), torque ( ), and number of revolutions ( ) at the self-propulsion point. The wetted surface area was considered to determine the towing force (TF) corresponding to stator. To compare the performance, the delivered power of the model ship ( ) was determined as follows. Fig. 10 shows the boundary conditions employed in the present study. We used a velocity inlet condition for the entrance and outer boundary regions and a pressure outlet condition for the exit region. The computational domain was from mid-ship to -1.5 ≤ x/Lpp ≤ 3.0 in the x direction, -1.5 ≤ Y/L ≤ 1.5 in the y direction, and -1.5 ≤ Z/L ≤ 1.5 in the z direction. The grid system was constructed with trimmer grids using automatic grid generation, which is provided in Star CCM+. Approximately 3,300,000 propeller cells are obtained around the ship using approximately 1,700,000 grids, as shown in Fig. 11 . The volume-offluid (VOF) method was employed, which is widely used to analyze free-surface flow. This method is known to be robust with high validity and reliability for the analysis of complex nonlinear free-surface flows in relation to marine structures and wave-making problems of ships. Also the pressure or axial velocity field along a y=0 cut on the ship stern as shown in Fig. 12. (a) bow and stern (b) stator and propeller Fig. 11 View of the generated grids for the hull, propeller and pre-swirl stator The model size used for the model test was identical to that used for the numerical analysis. To verify the optimum pitch angle of the asymmetric pre-swirl stator, a controllablepitch-angle type is employed, making it possible to control the pitch angle, as shown in Fig.  14. Fig. 15 shows the experimental setup for the self-propulsion test. The model tests were conducted in accordance with Froude's law of similarity. The measurement speed in the self-propulsion test was 24 kts.
Boundary conditions and grid system
Results and discussion
Validation of experiment
First, the bare hull experimental results have been compared with the Korea Research Institute of Ships & Ocean Engineering (KRISO) model test results. Fig. 16 shows the comparison of the total resistance coefficient (CTM) at model scale of the PNU and KRISO model tests. There is a good correspondence between PNU and KRISO. Fig. 15 shows the comparison of the total resistance coefficient (CTM) at model scale of the PNU and KRISO model tests as shown in the Fig. 15 . there is a good correspondent between PNU and KRISO.
Relative error of total resistance coefficient (CTM) at model scale of the PNU and KRISO model tests as shown in Table 7 . The validation of the present model test has been conducted by comparing the measured wake field with the computed result as shown in Fig 17. The results were similar in terms of the axial average velocity distribution and tangential-direction vector. The resistance and self-propulsion test result with and without stator were also compared with the CFD results whose results were very similar as shown in Table 8 -9. The optimally designed pitch angle of the asymmetric pre-swirl stator was also verified through a numerical analysis and a model test, and the results are shown in Table 10 . 
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We compared the self-propulsion performances as represented by the delivered horsepower according to the variation in the stator pitch angle as calculated by both the model test and numerical computation. As shown in Table 9 , the optimally designed pitch angle was verified by both methods, and their trends in resistance are qualitatively and quantitatively similar, although the viscous effect was considered as a flat plate in the potential-flow code. The potential-flow design program seems sufficiently accurate because the tangential flow potential-flow behavior of the stator is dominant in the flow field. There is no difference in resistance for each case, as shown in Table 11 . Accordingly, The efficiency difference can be thought as the difference of delivered power can be compared at the model scale. We compared the wake distribution at a point (x/Lpp= 0.993) between the propeller and the rudder in Cases 1 and 6, as shown in Fig. 19 . Overall, the rotational energy recovered in the hub area is higher in Case 1. The streamline around the 2 nd blade is visualized in Fig. 21 , which demonstrates that the flow escapes smoothly in Case 1. Meanwhile, in Case 6, a separation is observed. The difference between the delivered power of Cases 1 and 6 is also understood by this phenomenon.
Fig. 21 Comparison of streamline at 2 nd blade
As the optimum pitch angle is rather sensitive to the propulsion efficiency, it should be carefully determined according to each ship wake and propeller.
Conclusions
An asymmetric pre-swirl stator is a device attached to the front of a propeller. It improves the efficiency by recovering the rotational energy and is a representative energysaving device that can be attached to any type of ship. For a non-uniform flow, the determination of the pitch angle of each blade is critical in the design of an efficient asymmetric pre-swirl stator.
In the present study, to verify the pitch angle of an asymmetric pre-swirl stator designed by using the potential-flow program, the optimal pitch angle was verified through numerical analysis and a model test. The model delivered power at a design speed of 24 kts was compared by changing the pitch angle by ±2° with respect to previously designed angle.
In the numerical analysis, the model delivered power was compared through a selfpropulsion analysis by using the commercial code Star-CCM+. For the model test, the ship and asymmetric pre-swirl stator used in the numerical analysis were manufactured at the same scale and were tested in a towing tank at PNU. The manufactured model stator was a controllable-pitch-angle type to verify the optimum angle in the self-propulsion test.
The results of both the numerical analysis and model tests showed that the pitch angle can be optimized using this model. The potential-flow design program seems sufficiently accurate because the tangential flow potential-flow behavior by the stator is dominant in the flow field.
In the near future, the full-scale performance with an asymmetric stator is expected to be investigated using CFD simulations. The difference between the optimum pitch angle of the model-and full-scale studies might not be so large that the tangential portion (potentialflow) becomes dominant, as shown in the present study.
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